Purpose: To examine the optic nerve head with Heidelberg tomography (HRT) in prematurely born school-age children and compare them to children born at term. Methods: Sixty-three 5-16-year-old children born with a gestational age (GA) of ≤32 weeks were included in the study and compared to 54 children of the same age, born at term. In the preterm group, 29 children had had retinopathy of prematurity (ROP) and nine children had neurological complications. The optic nerve head was assessed with HRT. Three measurements were performed, and the different topographic parameters were noted. Results: Rim area of the optic nerve was significantly smaller in prematurely born children than in children born at term. The mean difference was 0.146 mm 2 (p = 0.02). No difference between the groups was found regarding disc area or cup area. In the preterm group, both disc and rim areas were reduced with increasing GA. No correlations with birthweight, ROP or neurological complications were found. Conclusion: Reduced rim area of the optic nerve head was found in preterm children of school age. Previous ROP or neurological complication did not influence the result, suggesting the preterm birth per se was the reason for the reduction. Establishing whether this finding was caused by disturbed maturation of the optic nerve or by injury of the axons, or a combination of the two, will require further research.
Introduction
Changes in the optic nerve head (ONH) in prematurely born children were described by Fledelius as early as 1978. By measuring fundus photographs, he described more pronounced cupping in preterm children than in children born at term (Fledelius 1978) . These results have been confirmed in later studies in which the ONH has been evaluated by digitalised fundus photography. Hellstrom et al. (2000) found smaller disc areas (DA) and smaller rim areas (RA) in very preterm children at school age compared to controls. Wikstrand et al. (2010) described larger cup areas (CA) and smaller RA in preterms compared to controls, as well as a correlation between RA and birthweight (BW). Major neurological complications, such as intraventricular hemohorrages (IVH) and periventricular leukomalacia (PVL) in the neonatal period, are common in prematurely born children and known to cause visual problems (ExpressGroup 2010). A major injury to the optic pathway such as PVL may affect the ONH morphology leading to a larger CA and smaller RA (Jacobson et al. 2003; Ruberto et al. 2006) . Heidelberg retina tomography (HRT) is an imaging system that creates three-dimensional images of the ONH. It objectively assesses the shape of the ONH and is often used for following progression in adult patients with glaucoma (Vizzeri et al. 2009 ). HRT has also been shown to be useful in examining both healthy children and children with conditions affecting the optic nerve (Tong et al. 2007; Larsson et al. 2011) .
The primary aim of this study was to assess the ONH with HRT in children born prematurely and compare them with children born at term. The second aim was to examine whether the immaturity of the preterm child, that is, gestational age (GA) and BW, together with previous retinopathy of prematurity (ROP), influenced the ONH morphology.
Materials and methods
Sixty-eight children born before 33 weeks of GA at Uppsala University Hospital were included in the study. All of them had been included in routine screening for ROP starting from the fifth postnatal week and continuing until the retina was fully vascularised or, in case of ROP, this was fully resolved. The stages of ROP were divided into groups. Mild ROP included stages 1-2 and severe ROP stages 3-5, which also included treated ROP. The criterion for treatment at that time was ROP stage 3 in at least four contiguous clock hours, with or without plus disease. Hospital records had been used to locate the prematurely born children and their caregivers, and they were thereafter asked in a letter to participate in the study.
The control group included 54 children born in Uppsala County, Sweden, who were randomly selected from the birth register of the Swedish National Board of Health and Social Welfare. They were all healthy and born at term (GA ≥37 weeks) and at a normal BW (≥2500 g). The control group has previously been described . In that study, only one eye was analysed and large refractive errors were an exclusion criterion. In this study, both eyes were included and no exclusion due to refraction was performed.
A medical history of the prematurely born children was taken including information of neurological complications defined as IVH stages 3-4, PVL, cerebral palsy (CP) and epilepsy.
Best-corrected visual acuity (BCVA) was tested for each eye with linear logMAR charts. Cycloplegic retinoscopy was performed 45 min after dilating the pupils with eye drops containing 1.5% phenylephrine and 0.85% cyclopentholate and the spherical equivalent was noted. An eye examination including ophthalmoscopy was thereafter performed.
Heidelberg retina tomography is a confocal laser scanning tomography system, which uses reflected light (diode laser with a wavelength of 670 nm) to produce consecutive twodimensional section images at different focal planes. These images are combined to form a three-dimensional image of the ONH. The topographic image is automatically obtained from three scans centred on the ONH. In this study, we used HRT -II/III (Heidelberg Engineering GbH, Heidelberg, Germany) and all examinations were performed by one experienced technician. Only high-quality images were accepted (standard deviation below 40 um). The disc margin was marked manually by the technician. The ONH parameters obtained included disc area (DA), CA, RA, cup/disc ratio, rim/disc ratio, cup volume, rim volume, mean cup depth, maximum cup depth, height variation and cup shape measure. Three measurements were performed on each eye.
The study was approved by the local ethics committee in Uppsala, Sweden. The study was performed according to the Tenets of the Declaration of Helsinki.
Statistical methods
SPSS version 23.0 (SPSS, Inc., Chicago, IL, USA) and R program version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analyses. Regarding descriptive data of ONH topography, the mean values of three measurements were calculated. The Mann-Whitney test was used when comparing age, VA and refraction between prematurely born and full-term children. To explore the differences between the groups regarding optic nerve head topography, linear mixed models were used, in which three repeated measurements within each eye as well as within children, related to right and left eye, were taken into account. The analyses were adjusted for eye, gender, age and spherical equivalent. Within the preterm group, linear mixed models were used to univariately analyse the association between ONH topography and GA, BW, gender, VA, neurological complications and ROP (no ROP, mild ROP and severe ROP (untreated and treated)). The results from the linear regression models were presented with 95% confidence intervals. A p-value <0.05 was considered statistically significant. However, as no adjustment for multiplicity was performed, the p-values should be considered exploratory rather than confirmatory.
Results
Sixty-three prematurely born children fulfilled the HRT examination in either eye, 61 right eyes (RE) and 58 left eyes (LE). The eyes were compared with 53 REs and 54 LEs of 54 full-term children of the same age . In five of the children in the study group and one child in the control group, we could not obtain adequate HRT images. Approximately 75% in the preterm group and 85% in the full-term group could complete three assessments on each eye. Of the rest, approximately 15% of the children in both groups completed two of three assessments.
In the prematurely born children, 32 RE and LEs had no previous ROP and 20 and 21 eyes, respectively, had mild ROP. Regarding previous severe ROP, there were nine REs and eight LEs, which included six treated eyes, respectively. Eight Nine of the children had known neurological complications (PVL, IVH, CP, epilepsy). No child had any other ophthalmological disease. No optic discs were tilted. Descriptive data of the 63 preterm and the 54 full-term children are presented in Table 1 . The mean age (p < 0.01) and VA (p < 0.001) differed between the two groups, but not refraction.
The values of the ONH parameters in the preterm and full-term children are presented in Table 2 .
An example of a HRT output from one of the preterm children is illustrated in Fig. 1 .
The RA was statistically significantly smaller in the preterm group, mean difference 0.146 mm 2 (p = 0.02), see Fig. 2 , also after adjustment of age, gender and refraction. All other ONH parameters were equal, although there was a tendency for smaller DA in the preterm group (mean difference 0.13 mm 2 ). Within the preterm group, we further analysed the DA, CA, RA, cupdisc ratio and rim disc ratio. DA and RA correlated significantly with GA. For each gestational week, the DA decreased with 0.04 mm 2 (CI 95% À0.07 to 0, p = 0.04) and the RA with 0.03 mm 2 (CI 95% À0.05 to 0, p = 0.03), see Fig. 3 . There were no correlations with VA, BW, previous ROP or neurological sequelae.
Discussion
In this study, the ONH was assessed with HRT in 63 5-16 year-old prematurely born children and compared with children of the same age born at term. Prematurely born children had smaller RA than full-term children.
Within the preterm group, the RA and DA decreased with increasing GA, but no associations with previous ROP or neurological sequelae were found.
Previously, the ONH in prematurely born children has been described, using fundus photography and OCT (Fledelius 1978; Hellstrom et al. 2000) . To our knowledge, there are only two studies, except for the present one, using HRT to analyse the ONH topography in preterm children (Alshaarawi et al. 2014; Ruberto et al. 2014) . Alshaarawi et al. (2014) examined 32 prematurely born Malaysian children and compared them with children born at term. In accordance with this study, the authors included preterm children born with a GA of <33 weeks. The age at examination was also similar, 5-16 years in this study and 8-16 years in the study by Alshaarawi et al. However, the results between the two studies differed. Alshaarawi et al. found differences in RV, cup shape measurement, HV and mean cup depth between preterm and full-term children, which we could not find. In contrast with their study, we found significantly smaller RAs and a tendency for smaller DAs in prematurely born children, see Fig. 2 . In their study, although not statistically significant, the DA and RA were larger in preterms. The different results between the two studies are hard to explain. In this study, which was larger, approximately 45% of the preterm children had had ROP, compared to none in the Malay study, but as we could not find any correlation between ONH topography and ROP in our study, the presence of ROP probably could not explain the different results of the two studies. Ruberto et al. (2014) examined 25 neurologically normal children born at GA of 28-35 weeks and compared them with 28 children born at term. The authors found a significantly smaller RA in the preterm children, whereas all other HRT parameters were equal, in accordance with this study.
Hellstr€ om and co-authors have in several studies digitally analysed the ONH morphology in former preterm children, using fundus photographs (Hellstrom et al. , 2000 Hellgren et al. 2009; Wikstrand et al. 2010) . In a study from 1997, they found no differences in DA, CA or RA in children born between 25 and 32 weeks of GA and full-term children ). However, in later studies, in children born at <32 weeks and <29 weeks of GA, both DA and RA have been proven to be smaller (Hellstrom et al. 2000; Wikstrand et al. 2010) .
In this study, we found no associations between the size of the DA and RA with any ROP, in accordance with Wikstrand et al., who analysed fundus photographs (Wikstrand et al. 2010) . The studies by Alshaarawi et al. (2014) and Ruberto et al. (2014) did not include children with previous ROP.
Within the preterm group, we found a correlation between GA and DA and RA. Although, the DA and RA were smaller in prematurely born children compared to full-terms, they both decreased with increasing GA. This was not analysed in the studies by Alshaarawi et al. (2014) and Ruberto et al. (2014) . However, a reduction in DA with increasing BW and GA and a reduction in RA with increasing BW were also found by Hellstr€ om and co-authors, when analysing fundus photographs . In addition, a negative correlation between the optic disc size and GA and BW has been found in premature infants analysing wide-field images (RetCam; Hackl et al. 2013 ). In contrast, Raffa et al. (2016) described a positive correlation between DA and BW in their material of moderate-to-late-preterm children. A possible explanation of the various results in the different studies could be the difference in GA. Samarawickrama et al. (2009) used OCT to analyse optic nerve size in a large cohort of children. The authors found an association between large cup-disc ratio and low BW. However, in a subanalysis of children born before 33 weeks of gestational age, this finding could not be proven.
The reason for a smaller RA in prematurely born children could only be speculated upon. Optic nerve development begins early in pregnancy. In the first and second trimester, the retinal ganglion cells increase in number, but at the same time, there is a reduction in cells caused by apoptosis, and the loss of axons is compensated for by glial cells (Taylor 2005) . Other authors have reported that 50% of optic disc growth is completed at 20 weeks of gestation and 75% at birth (Rimmer et al. 1993) . One can hypothesise that preterm birth might disturb this delicate process and somehow lead to a reduction in number in the retinal ganglion cells and hence a smaller RA in preterm children.
In this study, the prematurely born children had lower VA than the fullterm ones, in accordance with the results of many studies (Larsson et al. 2005) . A subnormal VA could have both retinal and neurological causes. In the previous study by our group, using OCT, we found thicker maculae and thinner retinal nerve fibre layer in preterm children, but no associations with VA (Akerblom et al. 2011) . Neither in this study, was there any correlation between the RA and VA. Hence, the structural differences in the retina Fig. 3 . The rim area of the optic nerve head in relation to the gestational age at birth in prematurely born children. The line represents the mean value and the dotted lines the 95% confidence interval.
and ONH between the preterm and full-term children could not explain the difference in VA and further studies are needed.
In a study by Ruberto et al., HRT of the ONH was performed in 24 children with known cerebral visual impairment (CVI), which could be a finding in former preterm children (Ruberto et al. 2006) . However, the authors do not mention whether or not their study population was born preterm. The authors found smaller DA and RA, and larger CA in the children with CVI compared to normally developing children. Periventricular leucomalacia (PVL) is a common complication in children born extremely prematurely and could lead to spastic diplegia, CVI or both. Jacobson et al. (1997) reported that children with PVL often have an optic disc of normal size, but a reduced RA and thus, an enlarged optic cup. The authors hypothesised that transynaptic retrograde degeneration of axons leads to smaller RA and larger CA in these cases. In this study, the CA was similar in preterm and fullterm children and neurology did not seem to influence the results. Our study included only nine children with known, major neurological complications. However, MRI was not routinely performed and, therefore, subtle white matter disease cannot be excluded as a cause of the reduced RA in the preterm children of our study.
In conclusion, with the use of HRT, we found reduced RA of the optic nerve head in preterm children at school age. Previous ROP or neurological complication did not influence the result, suggesting that the preterm birth per se was the reason for the reduction. Whether this finding was caused by disturbed maturation of the optic nerve or by microstructural injury in the white matter of the brain, or a combination of the two, can only be speculated on. Further studies are needed to elucidate the finding.
